The enzyme telomerase is implicated in cellular resistance to apoptosis, but the mechanism for this resistance remains to be elucidated. The ability of telomerase to synthesize new DNA at telomeres suggests that this enzyme might function in the repair of double-stranded DNA breaks. To distinguish the effects of double-stranded DNA break damage and apoptosis on human telomerase activity, we treated the HL-60 human hematopoietic cancer cell line with clinical doses of the chemotherapeutic drug etoposide (0.5 to 5 M), which allowed us to distinguish between events associated with DNA damageinduced cell cycle arrest, and events associated with apoptosis. Large (three-to seven-fold) upregulation of telomerase activity occurred soon after etoposide treatment (3 h) in S/G2/M-arresting populations; this upregulation was abolished at onset of apoptotic cell death. No upregulation of telomerase activity was observed in cells treated with a larger dose of etoposide (5 M) that caused cells to undergo rapid apoptosis without intervening cell cycle arrests. These observations are consistent with a possible role for telomerase upregulation during the DNA damage response.
Introduction
Telomerase is a unique enzyme that catalyzes the de novo addition of DNA to the 3′ end of telomeres, thereby preventing telomere shortening in the course of successive rounds of DNA replication. It is minimally composed of a template-containing RNA molecule (hTR in human cells), and a protein reverse transcriptase (TERT) which is limiting and necessary for in vivo telomerase activity. 1 Telomerase activity is absent in most human somatic cells, but is present in a large majority of immortalized cancer cells. 2 Telomere shortening in the absence of telomerase activity can lead to telomeric dysfunction, which is associated with telomeric chromosome fusions, breakages and complex non-reciprocal translocations that are a common feature of human epithelial cancers. 3 There is growing evidence that such telomere-mediated events also precede apoptotic cell death, [4] [5] [6] and combining telomerase inhibition with apoptosis-inducing drug treatments or radiation can cause increased cell death compared to drug treatment alone. [7] [8] [9] [10] [11] The effects of a number of anti-cancer therapeutic regimens on telomerase activity have been examined. Treatment of human cancer cells and cell lines with certain clinical drugs is associated with decreases in telomerase activity. Telomerase downregulators include the estrogen analogue tamoxifen, 12 differentiation inducers such as retinoic acid, 13, 14 DNA-interacting agents daunorubicin, doxorubicin and cisplatin. [15] [16] [17] [18] [19] [20] However, some of these drugs have complex effects on telomerase activity in treated cells. For example, human testicular cancer cells treated with lethal doses (100 m) of the DNA cross-linker cisplatin exhibit decreased telomerase activity. 15 Leukemic cells also downregulate telomerase activity after treatment with cisplatin doses (30 m) larger than the IC 50 dose for this drug. 16 However, low-dose cisplatin treatment (Ͻ6.7 m) does not inhibit telomerase activity and is sometimes associated with telomerase upregulation. 16, 21 Additionally, long-term exposure of colorectal carcinoma cells to cisplatin results in increased telomerase activity, telomere length and drug resistance. 22 Cisplatin's influence on telomerase activity in human cells has been studied more extensively than the effect of other chemotherapeutic drugs. Its apparent dose-dependent effect on telomerase warrants the examination of telomerase activity levels in different cell types subjected to other drug treatments.
Other therapeutic regimens reported to elicit telomerase upregulation in treated cells include the DNA-damaging agents bleomycin, 5-fluorouracil and etoposide, 16, [22] [23] [24] [25] and various kinds of radiation. [26] [27] [28] [29] [30] [31] [32] [33] [34] Telomerase-negative mice with short telomeres are more sensitive to ionizing radiation than their telomerase-positive counterparts, and their cells sustain increased chromosomal damage and apoptosis. 11 Thus, telomerase activity and telomere integrity may confer protection against radiation in vivo, and might enhance the resistance of human tumor cells to anti-cancer treatments. The potential role of telomerase upregulation in mediating the resistance of tumor cells to anti-cancer treatments requires further investigation.
Our study examined the effect of clinical doses of the chemotherapeutic agent etoposide on telomerase activity in the HL-60 human hematopoietic cancer cell line. Etoposide is a topoisomerase II inhibitor that induces double-stranded breaks in DNA. It is commonly used in the treatment of Hodgkin's disease, non-Hodgkin's lymphoma, testicular tumors, small cell lung carcinomas, acute lymphoblastic leukemia and childhood neuroblastomas. 35, 36 Etoposide has been implicated in the development of therapy-related acute myeloid leukemias, specifically acute promyelocytic leukemia, in survivors of primary malignancies. 37 However, the events associated with etoposide treatment-related secondary cancers have not been characterized.
We treated acute promyelocytic leukemia HL-60 cells with clinically relevant doses of etoposide (0.5 to 5 m) 38 and examined telomerase activity at multiple time points up to 48 h. We observed a rapid dose-dependent upregulation of telomerase activity following etoposide treatment, that was not abolished until onset of apoptotic cell death. Apoptosis was preceded by S/G2/M arrests in treated cells that exhibited telomerase upregulation, but not in cells that did not upregulate telomerase. By 24 h after treatment, telomerase activity had increased as much as 20-fold. All etoposide-treated cell populations that upregulated telomerase contained an increased number of cells with hyperdiploid DNA content, whereas treated populations that did not upregulate telomerase contained no cells with a Ͼ4N DNA content. However, telomerase hyperactivation preceded the appearance of hyperdiploid cells, suggesting that upstream events leading to the appearance of hyperdiploid DNA content might elicit upregulation of the telomerase enzyme. We concluded that clinically relevant doses of etoposide elicited rapid and sustained telomerase upregulation in a cell cycle arrest-dependent fashion, and that this hyperactivation might constitute part of the regulated DNA damage response in these hematopoietic cancer cells.
Materials and methods

Cell culture and drug treatment
HL-60 cells were provided by John Th'ng of Cancer Care Ontario. They were grown in RPMI 1640 medium (BioMedia, Montréal, Canada) supplemented with 20% heat-inactivated FBS (GIBCO-BRL, Burlington, Canada). Seventy-two hours before experiments, cells were diluted to 3 × 10 5 cells/ml, and were diluted to this density every 24 h before treatment in order to maintain log-phase growth. Cells were strictly maintained at 2-4 × 10 5 cells/ml during treatment, with DMSOsupplemented medium added to faster-growing controls. Cells were treated with equal volumes of etoposide (Sigma, Oakville, Canada) or DMSO (vehicle), which remained in the medium throughout the experiment. Concentrations of DMSO were used that did not induce differentiation of HL-60 cells (Ͻ0.03%, vol/vol). At each time point, cells were manually counted after trypan blue staining, and aliquots were collected for cell cycle analysis and telomerase activity based on total cell number (including both viable and non-viable cells).
Cell cycle analysis
Two × 10 5 cells were fixed in 70% ethanol for 45 min, resuspended in phosphate-buffered saline and stored at 4°C. One hour before cell cycle analysis, cells were treated with propidium iodide (50 g/ml) and RNaseA (50 g/ml). The cells in different cell cycle phases were identified by measuring their DNA content using fluorescence-activated cell sorting (FACS) on a Becton Dickinson FACScan machine or on a Beckman Coulter Epics XL machine. Cell cycle distribution was calculated by analyzing FACS-generated list files using the shareware programmeWinMDIv2.8. All flow cytometry data were gated using control samples to eliminate contaminating debris in the subG0 region and pseudo G2/M cell doublets.
Apoptotic DNA fragmentation gels
The DNA from 1 × 10 6 cells was harvested and electrophoresed as previously described. 39 
Determination of telomerase activity
Telomerase extracts were prepared using CHAPS lysis buffer, and telomeric repeat amplification protocol (TRAP) assays Leukemia were performed as previously described. 40 TRAP primers designed for enhanced quantification (TS, NT and ACX) were included at 20 pmoles per 50 l PCR reaction, as previously described. 41 A TSNT internal control substrate 41 concentration of 1 × 10 −20 moles per 50 l TRAP reaction was used to reduce amplification competition with telomerase products. PCR cycling conditions were: 3 min at 94°C, followed by 30 cycles of 30 s at 94°C, 30 s at 60°C and 30 s at 72°C. Five × 10 5 cells were resuspended in 100 l of lysis buffer, and the protein concentration of extracts was measured using the BioRad Bradford Protein Assay (Mississauga, Canada). TRAP assays were performed on dilutions of selected extracts from every experiment. If subsequent assays on all extracts revealed large amounts of PCR inhibition in individual extracts, these were diluted until inhibition was reduced and quantification of telomerase activity in the linear range with respect to protein input was obtained. TRAP assays were then performed again on all extracts using the new dilution. The dilution usually corresponded to 0.5 to 2 ng protein (50 to 200 cells) per 50 l TRAP reaction. TRAP assays were performed on equal amounts of protein. Telomerase activity was quantified by dividing the signal from the TRAP assay products (generated by amplification of telomerase elongation products using primers TS and ACX) by the internal control signal (generated by amplification of the TSNT internal control substrate using TS and NT primers). Relative telomerase activity was calculated by expressing this ratio for individual extracts as a percentage of the telomerase activity of the 0 h control extract from each treatment (setting the 0 h value at 100% or 1.0). Primer dimers formed between ACX and other primers in the reaction migrate at the lower end of the TRAP ladder. These primer dimers vary in quantity for each set of TRAP assays, independent of primer concentration. To ensure accurate quantification from experiment to experiment, TRAP assay products were measured starting at the first telomerase product above the ACX primer dimer.
Results
We investigated the effect of clinical doses of etoposide on telomerase activity, apoptosis, cell cycle progression and necrosis, using the telomerase-positive human promyelocytic leukemia cell line HL-60. Etoposide is used clinically to treat a wide variety of cancers, including acute childhood and adult leukemias. 35, 36 HL-60 cells, which are highly sensitive to a wide range of DNA-damaging reagents, are an appropriate model system because they are frequently used to examine the regulation of telomerase activity. We wished to examine changes in telomerase activity that are the result of active, regulated cellular processes. Therefore, dose-response experiments were performed to determine the range of etoposide concentrations that would produce substantial but delayed apoptosis and limited, late-occurring necrosis within a 48 h treatment period. The determined concentration range (0.5 to 5 m) closely corresponds to the therapeutic range of serum etoposide concentrations observed in patients treated with standard doses of etoposide (0.5-3 mg/l, or 0.8 to 5 m). 38 In addition, critical regulatory events in the DNA damage response often occur in the first few hours after insult, when cells attempt to assess and repair damage before committing to apoptosis. 42 Therefore, early time points were collected to capture any potential effects of this early response phase on telomerase activity.
Quantification of telomerase activity
PCR-based telomeric repeat amplification protocol (TRAP) assays were first performed using dilutions of cell extracts to determine the protein quantity that would yield optimal quantitative results. The use of nanogram protein quantities (50 to 200 cells) was required for accurate quantification, specifically in extracts containing high levels of telomerase activity (Figure 1a and b). This contrasts with the common use of microgram protein quantities in previous studies using TRAPbased quantification. In the case of the high activity extract shown in Figure 1 , increases in extract volume resulted in linear increases in telomerase activity only in reactions containing low protein concentrations of 0.5 to 0.7 ng/l (Figure 1b) . We found that the use of microgram quantities of protein was saturating, such that no significant changes in activity were detected between extracts that subsequently exhibited a 15-fold variation upon dilution to the nanogram level.
Representative telomerase activities of etoposide-treated HL-60 cells are shown in Figure 2 , and average telomerase activity values from independent experiments are shown graphically in Figure 3 . Relative telomerase activity is commonly plotted on a linear scale; however, logarithmic plotting facilitated the visualization of both increases and decreases in activity on one graph, particularly when the range of activity was large (Figure 3 : compare linear and logarithmic plots of the same data). All extracts were tested at least twice to confirm the reproducibility of the TRAP results.
Figure 2
Analysis and quantification of telomerase activity in etoposide-treated HL-60 cells. Cell extracts were made from HL-60 cells treated with DMSO (vehicle) and 0.5, 1, 2 and 5 m etoposide, and were analyzed for telomerase activity by TRAP. The telomerase activities shown are representative of telomerase activities from multiple independent etoposide treatments of HL-60 cells. TRAP assays were repeated at least twice for each independent etoposide treatment. Telomerase activity was quantified relative to 0 h controls as described in Materials and methods, and values are shown below each lane.
Figure 3
Etoposide-treated HL-60 cells exhibit dose-dependent increases and decreases in telomerase activity. Cell extracts were made from HL-60 cells treated with DMSO (vehicle; n = 4), 0.5 (n = 3), 1 (n = 2), 2 (n = 1), and 5 m (n = 3) etoposide for up to 48 h. n is the number of independent experiments performed for each treatment. Telomerase activity was analyzed by TRAP, quantified as described in Materials and methods, and expressed relative to the activity of 0 h control cell extracts from each treatment (where 0 h = 1.0). Average telomerase activity values for each time point are represented. Linear plots are provided for reference, since changes in telomerase activity are not usually shown on a logarithmic scale.
Leukemia
Etoposide-treated HL-60 cells exhibit dose-dependent increases and decreases in telomerase activity
The average relative telomerase activity value for all extracts prepared from DMSO-treated (control) HL-60 cells was 1.03 ± 0.77. DMSO is routinely used as a vehicle for solubilizing etoposide. Unlike recently reported results for ovarian epithelial cell lines, 30 we did not observe an increase in telomerase activity following DMSO treatment (Figures 2 and 3 
Downregulation of telomerase activity relative to 0 h controls was a late-occurring event at all etoposide doses. Downregulation was detected earliest in 5 m-treated HL-60 cells, where activity began to decline at 24 h after treatment ( Figure 3: 5 m) . Downregulation of telomerase activity prior to 24 h may be undetectable, since telomerase activity has previously been shown to have a long, 24 h half-life in several cell types. 43 Decreases in telomerase activity first appeared at 
Decreases in telomerase activity in etoposide-treated HL-60 cells follow apoptotic DNA fragmentation, and are associated with late stages of cell death
Treating cancer cells with higher than the IC 50 dose of certain drugs can often result in decreased telomerase activity. 16 We measured both apoptosis and necrosis in etoposide-treated HL-60 cells to examine the relationship between changes in telomerase activity and cell death. We distinguished between apoptosis and necrosis to determine if changes in telomerase activity were related to active, regulated cell death (apoptosis) or the passive process of necrosis. The extent of apoptosis in treated cell populations was measured by calculating the percent of total cells with a subG0 DNA content (Figure 4a) . Apoptotic DNA fragmentation, indicated by subG0 DNA content, was confirmed by analysis of internucleosomal DNA laddering ( Figure 4c ) and morphological observations (data not shown). The trypan blue exclusion assay, which detects dead cells with severe membrane damage, was used to measure necrosis. At the etoposide doses used in this study, necrosis did not occur until at least 12 h following DNA fragmentation ( Figure 4a and b: compare subG0 curves to time points at which cells are exhibiting Ͼ10% necrosis by trypan blue staining). The late onset of necrosis (Figure 4b ) and the pres-ence of low molecular weight DNA laddering (Figure 4c ) indicated that subG0 DNA fragmentation (Figure 4a ) was caused by apoptosis, and was not a by-product of necrosis. Late-onset trypan blue staining likely reflects post-apoptotic necrosis, which is a frequently occurring event in in vitro apoptosis studies due to the absence of apoptotic cell removal by phagocytosis. The etoposide concentrations chosen for these experiments ranged from doses that elicited an immediate apoptotic DNA fragmentation response as measured by subG0 (Figure 4a : 5 m), to concentrations that did not induce apoptosis (Ͼ10% of cells in subG0) until 48 h after treatment (Figure 4a: 0.5 m) . At all doses except 5 m, cell death was delayed by at least 24 h following etoposide treatment (Figure 4a and b) .
Declines in telomerase activity below 0 h control values were not coincident with, and did not precede apoptotic DNA fragmentation, but always followed it (compare Figures 3 and  4a) . Downregulation of telomerase activity was delayed as much as 21 h after the onset of substantial DNA fragmentation (compare Figures 3 and 4a : 5 m, 3 to 24 h), and no decreases in telomerase activity were detected even when 50% of the cells in a population were in subG0 (compare Figures 3 and  4a: 5 m, 12 h) . Therefore, as DNA fragmentation is one of the last events that occurs during apoptosis, we concluded that neither DNA fragmentation nor the preceding apoptotic process is immediately associated with downregulation of telomerase activity.
The trypan blue staining results indicated that decreases in telomerase activity relative to 0 h controls were associated with post-apoptotic necrotic membrane permeability. Decreases in activity coincided with increasing membrane permeability (Figures 3 and 4b , compare telomerase activity and trypan blue plots: 1 m, 48 h; 2 m, 36 h; 5 m, 24 h). The magnitude of telomerase downregulation was greatest in populations treated with higher doses of etoposide, which also exhibited the largest increases in trypan blue staining ( Figures 3 and 4b : compare 1, 2 and 5 m). This observation is supported by the results of a previous study with leukemic cell lines, that demonstrates a correlation between loss of telomerase activity and plasma membrane damage only at doses significantly exceeding the IC 50 of most of the drugs examined. 16 In conjunction with the DNA fragmentation data, these results suggest that telomerase activity downregulation in etoposide-treated HL-60 cells is an event associated with late stages of cell death, and not with early events of apoptosis or apoptotic DNA fragmentation. 
Telomerase activity is rapidly upregulated in etoposide-treated HL-60 cells, and upregulation is abolished at onset of cell death
Telomerase upregulation occurs in etoposide-treated populations that undergo S/G2/M arrests
The cell cycle distribution of etoposide-treated HL-60 cells was examined to determine if telomerase upregulation was associated with cell cycle arrests that characteristically occur during the DNA damage response. 42 The percent of total cells in different cell cycle phases was determined by calculating the number of cells with 2N, 2 to 4N and 4N DNA content (G0/G1, S and G2/M, respectively), as measured by FACS analysis. The normal cell cycle distribution of DMSO-treated control cells was used to define cell cycle arrests in etoposidetreated cells. The proportion of cells with an abnormal Ͼ4N DNA content was also measured, since the presence of hyperdiploid cells can be indicative of genomic damage, including chromosome fusions. Etoposide treatment elicited two types of cell cycle responses, including: (1) S/G2/M arrests followed by the appearance of cells with hyperdiploid DNA content and apoptotic DNA fragmentation ( Figure 5 : 0.5, 1 and 2 m); and (2) immediate apoptosis without preceding cell cycle arrest ( Figure 5: 5 m) . HL-60 cells are p53-negative, 44 and G1 arrest did not occur at any etoposide dose. Etoposide doses that elicited telomerase upregulation did not cause apoptosis until at least 24 h after treatment (compare Figures 3  and 5 ). In these cases delayed cell death was preceded by S/G2/M arrests ( Figure 5 : 0.5, 1 and 2 m). Etoposide doses that induced rapid apoptosis without intervening S/G2/M arrests did not upregulate telomerase activity (compare Figures 3 and 5: 5 m) , even at time points as early as 1 h after treatment (data not shown). We concluded that events associated with or leading to cell cycle arrest may be important for telomerase upregulation. However, telomerase activity is not normally cell cycle-regulated in human cells, 43 and upregulation of telomerase activity in etoposide-treated HL-60 cells sometimes preceded S/G2/M arrests (compare Figures 3 and 5: 1 m, 3 h) . Therefore, we concluded that rapid telomerase upregulation in etoposide-treated HL-60 cells was likely to be associated with elements of the cellular DNA damage response preceding apoptosis, and that telomerase upregulation might be associated with events occurring upstream of S/G2/M arrests.
Leukemia
Telomerase upregulation occurs in etoposide-treated populations which contain cells with hyperdiploid DNA content
Another event which occurred in etoposide-treated HL-60 cells that upregulated telomerase activity was the appearance of cells with hyperdiploid DNA content ( 
Discussion
We treated the HL-60 human leukemia cell line with clinically relevant doses of the commonly used anti-cancer drug etoposide to characterize its effects on telomerase activity, apoptosis, cell cycle progression and necrosis. Telomerase activity did not decline in treated cells until late stages of cell death, after substantial membrane damage. Moreover, telomerase activity was quickly upregulated in cells that underwent cell-cycle arrests in response to etoposide treatment. Telomerase activity declined to pretreatment levels with the onset of cell death, and telomerase activity was not upregulated at an etoposide dose that caused rapid cell death without intervening cell cycle arrest. However, telomerase hyperactivation was not dependent on cell cycle-specific regulation, since upregulation of telomerase activity sometimes preceded cell cycle arrests. This is the first report of early (3 h) upregulation of the human telomerase enzyme in response to the clinical drug etoposide. Early upregulation has previously been reported in irradiated mouse and human hematopoietic cell lines. 26, 31 In agreement with our results, several radiation studies also noted large increases in telomerase activity 24 h after treatment, as well as dose-dependent hyperactivation [26] [27] [28] 31, 32 that plateaus at higher doses. 26, 28 The magnitude of telomerase upregulation observed in our study is similar to the increases in activity reported for X-irradiated human colorectal carcinoma cell lines. 32 In contrast to the increased telomerase activity previously reported for etoposide-treated pancreatic cancer cells, 25 we observed a more complex, biphasic pattern of telomerase regulation in etoposide-treated HL-60 cells. This pattern was characterized by an early upregulation of telomerase activity followed by decreases in activity to control levels or below following cell death. In addition, hTERT protein expression levels did not increase in etoposide-treated HL-60 cells that rapidly upregulated telomerase activity, although telomerase upregulation coincides with increased hTERT mRNA show cell cycle data that were collected using a different FACScan machine than data shown in right panels (DMSO, 1 and 2 m). All samples were analyzed with a gate set using 0 h controls. n у 4 for all treatments, where n is the number of independent experiments. expression in etoposide-treated pancreatic cancer cells. 25 These observations suggest that rapid etoposide-induced telomerase upregulation in HL-60 cells is mediated differently to telomerase hyperactivation in etoposide-treated pancreatic cancer cells. The absence of increased hTERT expression in HL-60 cells and the rapidity of telomerase hyperactivation suggest that telomerase upregulation might be mediated by post-translational mechanisms such as phosphorylation and/or nuclear localization. Rapid transcription-and translationindependent regulation is a hallmark of the DNA damage response. 42 Such post-translational mechanisms are also responsible for telomerase activation in human T lymphocytes, where transcriptional regulation is not the major mechanism controlling telomerase activity. 45 In fact, rapid radiation-and genotoxic drug-induced telomerase upregulation has been reported only in hematopoietic cells (Refs 26, 31 and this study). Unlike most somatic cells in the human body, hematopoietic cells can express active telomerase, and telomerase may be regulated differently in this tissue type than in other somatic and cancer cells. 45 Thus, it will be essential to determine if the early telomerase upregulation that we observe is unique to hematopoietic lineages, and to characterize the molecular mechanisms mediating rapid telomerase hyperactivation.
The cellular event(s) which stimulate telomerase hyperactivation are unknown. One hypothesis is that telomerase upregulation may constitute part of the cellular response to DNA damage, as telomerase upregulation has been reported only in cells exposed to DNA-damaging treatments such as radiation. [26] [27] [28] [31] [32] [33] This hypothesis is supported by our data, which showed that telomerase upregulation occurred only in cells that undergo an extensive period of cell cycle arrest prior to cell death, a type of response that is characteristic of the DNA damage repair process. 42 Double-stranded DNA breakinducing treatments result in broken chromosomes that may mimic exposed or dysfunctional telomeres. Both telomere damage and chromosome breakage result in chromosome fusions. 3, 5 Interestingly, our data indicated that telomerase upregulation occurred only in response to etoposide doses that also caused the appearance of cells with hyperdiploid DNA content and polyploid morphology, implying that etoposide treatment resulted in extensive genomic damage. How-ever, using terminal restriction fragment (TRF) analysis we did not observe changes in the telomere length of etoposidetreated cells. Late generation telomerase-negative mice have previously been observed to develop substantial numbers of telomeric chromosome fusions following doxorubicin or radiation treatments, 10, 11 although no significant changes in telomere length are observed when telomeres are measured shortly after radiation treatment. 11 Previous studies of radiation-and genotoxic drug-induced telomerase upregulation did not detect telomere shortening in treated cells. 11, 22, 31, 32 Similarly, in vivo etoposide treatment does not appear to alter the telomere length of HeLa cells, although etoposide treatment mediates in vitro cleavage of telomeric DNA. 46 It remains possible that telomerase upregulation could be mediated by small changes in telomere length undetectable by TRF analysis, or by other forms of DNA or telomeric damage. However, the events precipitating telomerase upregulation have yet to be identified.
Etoposide-mediated telomerase upregulation is of potential clinical importance, as the etoposide doses used in this study correspond closely to the therapeutic range of serum etoposide concentrations. One recent study reports that hTERT expression in telomerase-negative cells decreases their sensitivity to topoisomerase inhibitors such as etoposide, 9 and long-term cultivation of colorectal carcinoma cells with the genotoxic drugs cisplatin and 5-fluorouracil results in gradual lengthening of telomeres and enhanced drug resistance. 22 A clinical study of chemotherapy and epithelial ovarian cancer reports no increase in telomerase activity in cancer cells from treatment responders, whereas cancer cells from 58.3% of treatment nonresponders show an increase in telomerase activity after treatment. 47 In addition, repeated exposure of the epidermis of hairless mice to DNA-damaging UV irradiation elicits a progressive increase in telomerase activity that culminates in a 45-fold enhancement of activity in carcinomas. 29 Chromosome healing, the de novo addition of telomeric repeats to broken chromosomes, occurs in vertebrates and other organisms; in ciliates and plants, this process is telomerase-mediated. 33, [48] [49] [50] [51] Thus, upregulation of telomerase activity in reponse to DNA-damaging stimuli suggests a potential functional role for this enzyme in response to DNA and/or telomeric damage. We have reported a rapid, dose-dependent increase in telomerase activity in a human hematopoietic cancer cell line treated with clinical doses of etoposide, and this upregulation was not abolished until cell death. Telomerase upregulation appeared to occur in the context of the cellular DNA damage response, a hypothesis which is supported by previous reports of telomerase hyperactivation in response to DNA-damaging treatments. Thus, the potential role of telomerase in the development of cancer cell resistance to clinical treatments such as etoposide warrants future experimental and clinical examination.
